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Nucleon Spin Decomposition

¥
Quark spin only contributes a small
AY = Au+ Ad+ As~03  faction to nucleon spin.
J. Ashman et al., PLB 206, 364 (1988); NP B328, 1
Spin decomposition (1989).

Proton spin puzzle

Lattice QCD
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K.-F. Liu, NP A928, 99 (2014).

Access to Lg/g
[t 1s necessary to have transverse information.
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Coordinate space: GPDs
Momentum space: TMDs
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JAM Collaboration, PRD 93, 074005 (2016). 3D imaging of the nucleon.
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Nucleon Structure from 1D to 3D
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Transverse momentum
distributions:

TMDs

Impact parameter
distributions:
Fourier transf. of

GPDs

Silvia Niccolai (Thursday plenary)
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Unified View of Nucleon Structure
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Quark polarization
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Access TMDs through Hard Processes
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Partonic scattering amplitude
Fragmentation amplitude

@ Distribution amplitude
/i7" (SIDIS) = - /7 (DY)
h-(SIDIS) = -4 (DY)

Jianwei Qiu (R7 Tuesday)
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SIDIS and Structure Functions

SIDIS differential cross section

18 structure functions F(x, z, O?, Pr),
model independent. (one photon exchange approximation)

do

drdydzd Pidondos
2

.« Y 1 ﬁ :
o nyQ 2(1 _ 6) + oy [Diehl&Sapeta EPJC2005]

X {FUU’T + eFyur + V2€(1 + G)F{}czjs-é" cos Oy, + 6F{}°§2¢h cos 20 + Ao/ 26(1 — G)in[’}"ﬁ" sin ¢y,

+ Sp[V2e(1 + ) Fp % sinéy, 4 eF3r 2% sin 26| + \eSp[V1 — €F1p + /2e(1 — ) F5 77" cos ¢y

+ ST [(Fypsi=) 4 eFgn' %)Y sin(én — ds) + €Fpp "5 sin(¢p + ¢s) + eFp %) sin(3¢p — o)
+ /26(1 + €) F5 %% singg + 1/2€(1 + E)F;i;(w”_%ﬁ) sin(2¢y, — ¢g)]

+ A STV = EFF3 %) cos(gy, — bg)

+V/26(T= O Ff7% cosbs + /2L = ) P72 %) cos(26n — 65)] |

In parton model, F(x, z, O?, Pr)s are expressed as the convolution of TMDs.
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E06-010 Experiment (@ Hall A

BigBite
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HERMES and COMPASS
SIDIS experiments
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~90% ~1.5% ~8%

* First neutron data in SIDIS

« Electron beam energy: 5.9 GeV

Average current: 12uA
« 40cm transversely polarized *He target, 20-min spin flip

Average polarization: 55.4 = 2.8% world record

« BigBite at 30 as electron arm
scattered electron momentum 0.6~2.5 GeV/c

« HRS at 16° as hadron arm
hadron momentum ~ 2.35 GeV/c
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SIDIS SSA/DSA Results
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Preliminary Cross Section Results

First measurement of unpolarized SIDIS differential cross section on *He target
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Present Status On TMD Extractions

Sivers
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Access GPDs through Hard Processes
Deeply Virtual Compton Scattering (DVCS)

Kk k. Interference with Bethe-Heitler (BH) process gives
g Y ! access to real and imaginary part of DVCS amplitude
x4 E / =& do o |T> = |Teu|? + | Toves|* +Z
___________________ 3
—€y .
. T o] z 1
P MEGEY) E (SN P > Pl(cb)Pz(cb){ o ; [en cos(nd) + s sin(no)] }
T A& E@ED A eg:
t XB ~
- (pv_p)Z ClI,unpol. X {Fl ReH — WB Re & + 2~ g (F1+ F2)Re 7‘[]
Access different GPDs

dory = sin¢ - Im{F{H + xg(F1 + F2)H — kF,E}d¢

doy, = sin¢ - Im{Fl”;':[ + xp(F1 + Fz)(ﬂ + xp/2E) — xgkF5E . .. o

dorp = (A + Bcos ¢) - Re{F1H + xp(F + F2)(H + x/2E) ... }d¢
doyr = cos ¢ - Im{k(FyH — F1€) + ... }d¢

Alternative processes: deeply virtual meson production (DVMP),
double DVCS, timelike Compton scattering (TCS)... (A. Camsonne R7)
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Global Analysis of GPDs
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Ji’s sum rule: J9 = %f

0.10

0.05

0.00

-0.05}

-0.10+

JLab Hall A PRL '07

Q%= 4GeV?

HERMES JHEP '08 |

-0.15
0.1

0.2

03

JU+U

04

05

B iy § QR B g

1

1

Goloskokov & Kroll , EPJ C59 (09) 809
Diehl etal., EPJ C39 (05) 1

Guidal etal., PR D72 (05) 054013
Bacchetta& Radici, PRL 107 (11) 212001
LHPC -1, PR D77 (08) 094502

LHPC -2, PR D82 (10) 094502

QCDSF, arXiv:0710.1534
Wakamatsu,EPJ A44 (10) 297

Thomas PRL 101 (08) 102003

Thomas, INT 2012 workshop

H. Gao

Quark Angular Momentum

1
dx x|[HI(x £)+E1(x £1)] = : AT+

— Access to quark
orbital angular
momentum with
GPDs
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Recent Results of DVCS from Hall A (@ JLab

Unpolarized cross section
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Results of DVCS in Hall A

Polarized cross section
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Results

40

Compton form factors (CFFs)

of DVCS in Hall A

CPVOS(F,F*) Re[CT(F)] Re[CT (Feys)] 1
10p= T I -
14 16 18 sz [é:ﬁv2]244 14 16 1.8
Sm[CE(F)]
: . ;
14 16 18 2 Q2 [é:\ﬂ] 24

M. Defurne et al., Phys. Rev. C 92, 055202 (2015).
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Recent Results of DVCS from Hall B (@ JLab

Unpolarized and polarized cross section

-t=0.204 GeV? -t=0.262 GeV? -t=0.448 GeV?

<

&

e

£

Qb

O

_odf x,=0.335 | [

v>° o.osf— |

3

&= ° }{ } """""" { f} i """""""" % """""""" ’ ¥

9-0.05} } t

=l i

'0.1; . | R . ™ P PP T —

100 200 300 100 200 300 100 200 300

@ (deg) P (deg) P (deq)
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Results of DVCS from Hall B

Compton form factors (CFFs)
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H.S. Jo et al., Phys. Rev. Lett. 115, 212003 (2015).
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eV Upgrade and TMD/GPD at JLab

Upgrade is designed to build on existing
facility: vast majority of accelerator and
experimental equipment have continued use

New Hall

Upgrade arc magnets

and supplies
Add 5 PP

cryomodules

-

20 cryomodules

—'—
.
—"
L.
3 o
= .
ke ‘4'
g upgrade ..
. -
Pid .
. -
. -2
A ..
4.;“
3
.-
A

The completion of the
12 GeV Upgrade of C

was ranked the highest
priority in the 2007 NSAC

Long Range Plan.

”A ' \ 20 cryomodules

EBAF

cryomodules

Scope of the project includes:
* Doubling the accelerator beam energy
in existing Halls U * New experimental Hall and beamline

« Upgrades to existing Experimental Halls

Enhanced capabilities

H. Gao



12 GeV Upgrade Physics Instrumentation

GLUEx (Hall D): exploring origin of
confinement by studying hybrid mesons

CLAS12 (Hall B): understanding nucleon
structure via generalized parton distributions

SHMS (Hall C): precision determination of
valence quark properties in nucleons and nuclei

Hall A: nucleon form factors (Super BigBite),

& future new experiments like Moller & SoLID
H. Gao




SuperBigBite Spectrometer (@ Hall A

GEp5 configuration Hadron Calorimeter

E12-09-018: 64 days

neutron (*He) target

Gas Electron
Multiplier Trackers
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lectron beam

3D mapping example
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Solenoidal Large Intensity Device (SoLID) Physics

SoLID provides unique capability:
v’ high luminosity (1037-39)

v large acceptance with full ¢ coverage

- multi-purpose program to ma

the 12-GeV science potential

2) Precise determination of the electroweak couplings
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- A search for new
physics in the 10-20
TeV region,
complementary to
the reach at LHC.
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SoLID-Spin: SIDIS on *He/Proton @ 11 GeV

| SoLID (SIDIS He3) | O (SIDISI
Calorimeter
an,

E12-10-006: Single Spin Asymmetry on

Transverse 3He @ 90 days, rating A Key of SoLID-Spin program:

. . Large Acceptance
E12-11-007: Single and Double Spin Asymmetry + Hieh Luminosit
on 3He @ 35 days, rating A S 4gD 0 yf .
E12-11-108: Single and Double Spin Asymmetries - mapping of asymmetries
on Transverse Proton @120 days, rating A 2 Ten.sor charge, TMDs ... .
Three run group experiments approved: TMDs, | 2Lattice QCD, QCD Dynamics,
GPDs, and Models.

much more
H. Gao
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SoLID Impact on Tensor Charge

Definition

(P, S|1qic"y| P, S) = drqu(P, S)ic" u(P, S) ore = / [h(x) — hi(x)] da

A fundamental QCD quantity. Matrix element of local operators.
Moment of transversity distribution. Valence quark dominant.
Calculable 1n lattice QCD.

6T u 6T d Extraction from Experiments:
|_._| |—.—| Anselmino et al (2013a)
SoLID impact
|—.—| |—.—| Anselmino et al (2013b)
—e— | ® | Radici et al (2015)
—e— eo—— Kang et al (2015)
Lattice QCD:
le] of Alexandrou et al (2014)
o ol Bhattacharya et al (2015)
=g ¢l SoLID Projection
Not shown are various other _
L. jo [ | SoLID in x range [0.05,0.6]
Predictions on tensor charge | | | |
0 0.5 1 -1 0.5 0



Hall C SIDIS Program (typ. x/Q° ~ constant)

[R. Ent, DIS2016]
HMS + SHMS (or NPS) Accessible Phase Space for SIDIS

x=0.7 x=0.5

Accurate cross sections

for validation of SIDIS 10 |- S 11 GeV

factonization framework h

and for L/T separations phase
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Scan in (x,z,P;)
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® £12.09-017
E00-108 - ic:;LniLxg;PT)
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GPDs: Hall A E12-06-114 Experiment

DVCS measurements in Hall A/JLab

E W2<4 GeV?
\\ Unphysical with E <11 GeV
[ ] Ecan=66GeV

Epean= 8.8 GeV
[ ] Ean=11.0GeV
[ ] Evean=5.75GeV
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A. Camsonne, R7 Thursday



Hall B E12-06-119 Experiment on DVCS
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Hall B E12-11-003 Experiment on DVCS
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Hall C E12-13-010 Experiment on DVCS

Q? vs xg coverage in Halls A and C
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Summary

* Spin remains important and puzzling for nucleon

* Three-dimensional imaging of nucleon helps solve this
remaining puzzle, and uncover the rich dynamics of QCD

* Rich TMD and GPD Physics programs at 12-GeV Jlab
— SBS in Hall A on TMD, and Hall C on SIDIS and GPD

— SoLID SIDIS program with unprecedented precision on TMDs,
and a program on GPD i1s shaping up (A. Camsonne R7)

— CLASI12 extensive GPD and TMD programs
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A. Prokudin, N. Sato, P. Souder, Z. Ye, X.F. Yan, and Z. Zhao, and others
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